In this article, the authors propose a non-invasive method to evaluate children with enuresis by correlating findings of color Doppler ultrasound of ureteric jet and bladder wall thickness. The authors compared the ultrasound findings in a group
nuresis is a worldwide problem. In the western population, the incidence has been reported to be 15-20% in 5-y-old and 10% in 7-to 12-y-old children (1) . The prevalence in the Chinese population was reported to be 3.5% in 4-to 12-y-old children (2) . Despite the lower incidence in China, this clinical problem still imposes stress on the children and their families and constitutes a significant number of outpatient pediatric consultations in our locality.
The pathogenesis of enuresis is extremely controversial. Suggested etiologies have included psychological and behavioral disturbance (3), lack of arousal from sleep (4 -7), overproduction of nocturnal urine (8 -12) , and delayed maturation of neural pathways and bladder abnormalities (6, (13) (14) (15) (16) .
Despite the many advances in knowledge on this field that have been described in the literature (13,16 -19) , higher voiding detrusor pressure is a well-recognized feature of immaturity, which may be associated with bladder disturbances such as bladder over-activity (16 -18) . Furthermore, detrusor abnormalities may manifest as bladder wall thickening (13, 19) .
In our previous studies, we have demonstrated that a bimodal active sphincteric mechanism is present in the human VUJ, which challenges the traditional belief of predominately passive role in the VUJ (20) . Immature sphincteric action at the VUJ is manifested by the presence of a monophasic Doppler wave form of the ureteric jets. The monophasic wave form is universal from birth to 6 mo of age. It is commonly observed in children under 4 y of age and present in older children who have UTI or VUR (21) . The mature pattern shows a complex of two or more peaks (20, 21) .
In this study, we sought to examine the ureteric jet Doppler wave form patterns in enuretic children and compared it with those of normal children to see whether an immature sphincteric action at the VUJ was more frequently found in children with enuresis. Furthermore, any association between immature ureteric jet and abnormal bladder wall thickness (as an index of detrusor abnormalities) was determined. Correlations were also made with urodynamic studies.
SUBJECTS AND METHODS
Subjects. All children 5 y of age and older who were referred to the pediatric outpatient clinic in our center and presenting with primary nocturnal enuresis were prospectively recruited for the ultrasound examination. None of them had any neurologic deficit, spine surgery, or were on enuresis treatment. The parents of the children were interviewed according to a detailed clinical questionnaire on their first clinical visit. All recruited subjects had a history of bed-wetting four or more times per week for a duration of at least the past 6 mo. Subjects who had concurrent daytime incontinence were excluded from this study.
Normal controls, 5 y of age and older, were recruited from the pediatric outpatient ultrasound session of the radiology department. These children were referred for ultrasound examinations for various reasons. Patients referred for urinary tract examination were excluded. Careful history was taken from the controls to exclude any current urinary symptoms or recent UTI. All normal subjects had good toilet control without history of either day-wetting or bed-wetting.
Informed consent was obtained from the parents of all subjects. The study was approved by the institutional review committee of the Chinese University of Hong Kong.
The study population included 511 children suffering from primary nocturnal enuresis and 266 normal controls.
Ultrasound examination. Before ultrasound scanning, all children were encouraged to drink a large volume of water, around 600 mL on average, or the maximum amount they could tolerate. Scanning started 20 min after the fluid loading or earlier if the child indicated urgent toilet needs. This ensured the subjects were well hydrated but were not under excessive diuretic stress (20) . The total scanning time was about 15 min, although some children needed to stay in the waiting area for a longer time to achieve a full bladder status. The average time to complete the whole examination was therefore around 1 h for each subject.
Ultrasound measurements and Doppler wave form assessment were performed using an ATL 5000 ultrasound unit (Advanced Technology Laboratories, Bothell, WA). A 3.5-or 5-MHz probe was used, depending on the size of the subjects. The pulse repetition frequency was 2.5 kHz and was adjusted as needed until no aliasing occurred. A low wall filter was used. The sample volume was opened wide enough to include the entire jet and it was centered at the point of maximum flow. A slow sweep speed of 25 mm/s of the Doppler wave form was set to cover the whole jet wave form. Color, Doppler scale, and gain were adjusted to avoid aliasing. Doppler angle was limited within 30 -60°.
All subjects were studied in the supine position. The urinary bladder was scanned in the transverse plane. The interureteric bar was used as the landmark for the ureteric orifice. If the above structure was not readily identified, then the ureteric jets were located by identifying the color signal.
Once the color signals of the jets were identified, both color and simultaneous Doppler waveforms of the jets from the orifice of each side were obtained alternately.
In each subject, three consecutive waveforms on either side of the ureteric jet were obtained for measurement. The number of peaks in each wave form was recorded. The wave form of the jet was classified according to the number of peaks within that particular wave. According to the observations in our previous studies (20) , there were six basic patterns: 1) monophasic (only one peak), 2) biphasic (two peaks), 3) triphasic (three peaks), 4) polyphasic (number of peaks exceeded three), 5) "square" (a plateau wave form in which no distinct peak could be identified), and 6) "continuous" (when the wave form lasted longer than 20 s). The last two patterns were associated with diuretic stress, which was deliberately avoided in this study.
In addition, the maximum bladder wall thickness was measured after voiding in all enuresis subjects. To ensure adequate voiding, bladder emptying efficiency needed to be Ͼ90%, with details as follows. Bladder volume was first measured when the child had the sensation of maximum fullness. It was then remeasured after voiding. The bladder emptying efficiency was calculated as follows: (prevoiding volume -post voiding volume)/prevoiding volume. If Ͼ90% efficiency was not achieved, the subject would proceed with further voiding. Bladder wall thickness was only measured when the residual bladder volume was Ͻ10% of original. The maximum wall thickness was calculated as the average of the maximal diameters measured at the anterior, lateral, and posterior walls of the urinary bladder. The maximum bladder wall thickness calculated was further divided into five grades arbitrarily based on the measurement data obtained in this study, as there was no detailed published reference on this aspect: grade I, bladder wall thickness smaller than mean -1 SD to mean -2 SD; group II, wall thickness smaller than mean -1 SD to mean; group III, wall thickness from mean to mean ϩ 1 SD; group IV, wall thickness greater than mean ϩ 1 SD to mean ϩ 2 SD; and group IV, wall thickness greater than mean ϩ 2 SD. According to Jequier's (22) study, an average bladder wall thickness up to 5 mm (i.e. up to grade III in this study) was considered normal. In this study, a grade IV wall thickness was considered as moderately thickened and a grade V wall thickness was considered as markedly thickened.
Urodynamic examination. Among the 511 enuretic children, 203 were randomly selected for urodynamic examination with both NFC and conventional filling cystometry.
The NFC results were used for correlation with ultrasound measurements because both methods involved natural filling of the urinary bladder.
The NFC was performed using an ambulatory urodynamic recorder with continuous online pressure display during bladder filling and emptying. The ambulatory urodynamic recorder consisted of a specially developed integral transmitter that converts digital pressure signals to modulated infrared waves. The signal emitted from the recorder was received by a receiver mounted on the ceiling of examination room, which was then transmitted to the computer in the room of the urodynamicist next door. During the urodynamic investigation, the children could conduct normal activities, be totally mobile, and be accompanied by parents undisturbed in a private cubicle. Further details of the equipment can be reviewed in our previously published study (23) . Data gathered during the day were compared with the data obtained by the cystometric recordings at night. Detailed recording of day and night urinary output was also performed for each child. During the day, the subjects were instructed to void their urine into a specific measuring jar. At night, the subjects were required to wear diapers connected to a temperate sensor for bed-wetting indication. The net weight of the diaper was measured. All the measurements were carried out by a team of research fellows experienced in performing urodynamic studies. The following parameters were recorded:
1. Clinical presentation: number of bedwetting incidents per week and per night, daytime urgency, frequency, and urge incontinence 583 URETERIC JET IN ENURESIS CHILDREN 2. Pattern of the bladder and sleeping pattern, including unstable contraction of the bladder, dyssynergia, and evidence of EMG activity of the pelvic floor muscle 3. Maximum detrusor pressure of the urinary bladder 4. Volume of the urinary bladder: the voided volume, residual volume, capacity, percentage of volume achieved, and emptying efficiency 5. Volume of voiding: number of voidings, day and night urine volume and their ratio (nocturnal polyuria), the mean, maximum and total volume of bedwetting at night, and the first morning urine volume 6. Day and night serum and urine osmolarity, and vasopressin concentration at 1400, 2000, 0000, 0400, and 0800 h were recorded.
Night-time urine output was measured as the total urine volume collected in the diaper (assessed by weighing the diaper in the morning) plus the first morning urine volume. Nocturnal polyuria was defined as a day:night urine volume ratio of Ͻ1 (7). The timing and characteristic of the urinary flow, the relationship with pressure changes, and activities during the study period were noted continuously by an observer. The recordings were acquired for a minimum of three voids or until a reproducible micturition pattern was obtained. The postmicturition residual urine volume was measured by emptying the bladder after the last void. Bladder emptying efficiency was calculated as the ratio of voided volume to capacity (voided volume ϩ residual volume).
Statistical analysis. According to the results of our previous studies, monophasic jet wave form (pattern 1) was considered to be the immature pattern (20, 21) . Children in this study were therefore divided into three groups: normal jet (pattern 2, 3, and 4), unilateral monophasic, and bilateral monophasic (pattern 1). As we have observed that jet patterns were not always identical on both sides and a small number of subjects only presented with unilateral monophasic jets (which was probably caused by developmental asynchrony), the results were further separately divided into right and left side.
2 test, independent sample t test, Mann Whitney test, Wilcoxon signed rank test, and Spearman's rank correlation were used in the statistical analysis. A value of p Ͻ 0.05 was considered statistically significant.
RESULTS
There were 266 normal children and 511 enuretic children undergoing ultrasound examination. For both groups, the age ranged from 5 to 18 y old. The mean age was 10.68 Ϯ 3.95 y in the normal group, with 132 boys and 134 girls. The mean age was 8.71 Ϯ 2.61 y in the enuresis group with 368 boys and 143 girls.
Among the enuretic children, 203 underwent urodynamic study (mean age, 9.20 Ϯ 2.56 y, with 142 boys and 61 girls) whereas 308 did not (mean age, 8.53 Ϯ 2.61 y, with 226 boys and 82 girls). There was no significant difference between the age and severity of bed-wetting between the two groups.
Ureteric jet pattern. The distribution of jet pattern in both normal and enuretic groups is given in Table 1 . No subjects had continuous pattern (pattern 6) and only 0.4% of the normal controls had the square pattern (pattern 5). These could be explained by the lack of diuretic stress in the study population.
There was a much higher incidence of immature jet in the enuretic group when compared with the normal controls (p Ͻ 0.01, 2 test). However, there was no significant difference in the incidence of immature jet between the right side and the left side in either the control group or the enuretic group (p Ͼ 0.05, Wilcoxon signed rank test).
Bladder wall thickness. All 511 enuretic children were included in the analysis. However, only 504 children could complete the bladder wall thickness measurement because some of them had complete collapse of the urinary bladder after micturition (i.e.100% emptying efficiency) and therefore the bladder wall thickness could not be assessed satisfactorily. The mean average bladder thickness was 3.85 Ϯ 1.23 mm. The bladder wall thickness was divided into five groups, as described in "Subjects and Methods." The results are given in Table 2 .
Enuretic children with markedly thickened (grade V) bladder walls had the highest incidence of monophasic ureteric jet (50%) when compared with the other groups (17% in group I; 25% in group II; 23.8% in group III, and 23.5% in group IV).
Relationship with urodynamic results. The relationship of jet pattern with urodynamic measurements in 203 enuretic children is given in Table 3 . Children with bilateral immature jet pattern showed significant correlations with higher detrusor pressure, smaller voided urine volume, and night urine volume. These children also had smaller bladder volume and achieved a smaller bladder volume than expected for their age when compared with the normal controls (all p Ͻ 0.05, independent sample t test).
The relationship of the bladder wall thickness with urodynamic measurement is given in Table 4 . Bladder wall thickness showed significant positive correlations with high detrusor pressure, increased frequency of unstable bladder contraction, and dyssynergia whereas negative correlations were found between bladder wall thickness with voided volume, bladder volume achieved, and bladder capacity (all p Ͻ 0.05, Spearman's rank correlation).
DISCUSSION
Detrusor muscle overactivity and enuresis. The pathogenesis of enuresis is still unclear. Immaturity of the bladder function, especially the detrusor muscle, is one of the major areas to be reviewed. 
584
In a normal subject, during the filling phase when the bladder volume increases, there should neither be any involuntary bladder contractions, nor any increase in detrusor pressure. The subject is considered to have a "stable" detrusor. If the detrusor muscle contracts during the filling phase, it is considered to be "overactive" (7, 19, 24) . The exception to the above rule is observed in infants. During infancy, detrusor contraction often occurs throughout the filling phase (19, 25) . The detrusor muscle becomes stable when one grows; however, detrusor instability might occur in 10% of the general population and the incidence increases with age (19, 24) .
There are two types of overactive detrusor. "Bladder overactivity of neurogenic origin" is caused by a relevant neurologic disorder. "Bladder overactivity" is caused by bladder outflow obstruction, detrusor muscle abnormality, and unrecognized underlying neurologic abnormality. Even a psychosomatic etiology has been suggested for the latter. Patients with detrusor overactivity have sensations of fullness at a lower bladder volume than normal (19, 24, 26, 27) .
A number of studies have suggested presence of detrusor overactivity in enuretics (7, 13, 28) . Watanabe and Azuma (29) found enuretics had more unstable contractions at night than at daytime. In Cisternino and Passerini-Glazel's (30) study, detrusor overactivity was observed in subjects with nocturnal enuresis with daytime incontinence but not in those with primary nocturnal enuresis.
Detrusor muscle overactivity and bladder wall thickness. In long-standing detrusor overactivity, the bladder wall may become thicker, trabeculated, and irregular in contour (13, 19) . Tibballs and De Bruyn (31) found that mean bladder wall thickness in normal boys was 0.306 cm and in normal girls was 0.273 cm. There was no statistically significant difference sex. In this study, over half of the enuretic children had significantly thickened bladder wall (Ͼ0.5 cm). Bladder wall thickness could be one of the features of detrusor immaturity as suggested in previous studies (13, 19, 31) . This was further supported by the strong association found between thickened bladder wall with high detrusor pressure, unstable bladder contraction, and dyssynergia in this study.
Detrusor muscle overactivity and voiding detrusor pressure. The reported ranges of voiding detrusor pressure in urodynamic examinations were very variable in different studies. In general, normal voiding pressure in the bladder should not exceed 30 cm of water pressure (32, 33) . However, the pressure is higher in boys (range, 15-131 cm H 2 O) than in girls (10 -87 cm H 2 O). It is also higher in infants (40 -60 cm H 2 O) than in adults. A high voiding pressure may indicate outlet obstruction or an overactive but otherwise healthy detrusor muscle (16 -18,25,34) .
Based on the various findings from the above studies, higher voiding detrusor pressure is likely to be a feature of immaturity; which is associated with detrusor overactivity while detrusor abnormality might manifest itself as bladder wall thickening.
Monophasic ureteric jet wave form and enuresis. In previous studies, we have suggested that there is a bimodal active sphincteric mechanism in the human VUJ, and it is possible to identify an immature and mature wave form (20) . Immature sphincteric action is manifested by the presence of a monophasic Doppler wave form. The mature pattern shows a complex of two or more peaks. The monophasic wave form is universal from birth to 6 mo of age and is common in children under 4 y of age. In older children, the monophasic jet pattern is increasingly found in those with abnormal VUJ function, namely VUR and UTI (20, 21) .
In this study, children with nocturnal enuresis were found to have higher incidence of the immature wave form when compared with normal children of the same age range. This suggests that there is a lower level of maturity of the VUJ in a proportion of the enuretic children. The above hypothesis was supported by the association of more deranged urodynamic parameters in children with monophasic jet pattern.
Monophasic ureteric jet, detrusor overactivity, and bladder wall thickening. Children with bilateral immature jets, signifying a greater degree of immaturity, also showed a higher detrusor pressure and markedly thickened bladder wall. 
URETERIC JET IN ENURESIS CHILDREN
The latter two features were associated with detrusor overactivity, another sign of immaturity [16 -18,25] .
How are the immature jets related to immature detrusor muscle? We postulated that, as the detrusor muscle contributed to part of the sphincteric function of the VUJ, both detrusor muscle and the VUJ might be subject to similar rates of maturation. If a subject had signs of immaturity of one structure, they were more prone to immaturity of the other structure. Not all enuretic children have signs of immaturity of either detrusor muscle or the VUJ. The etiology of enuresis in these patients with clinically "mature" detrusor and VUJ might not be related to bladder overactivity but other etiologies. This is, however, beyond the scope of discussion in this study.
Limitations of the study. One of the limitations of this study was that completely age-and sex-matched controls could not be obtained for comparison with the enuretic group. Although there was a difference in the mean age of the enuretic children (mean age, 8.71 y) and the normal children (mean age, 10.68 y), the age difference could not account for the difference in incidence of the immature ureteric wave form observed in this study, as our previous study showed that the ureteric jet wave form was mature after the age of 4 y (21). There were more boys recruited in the enuresis group (male to female ratios of (2.57 to 1). However, this was an intrinsic factor of the clinical problem, as enuresis is more predominant in males. The sex ratio in this study was similar to other studies (2, 9, 19) . Furthermore, our previous studies showed that sex had no effect on the incidence of monophasic wave form (20) .
Strengths of the study. In a urodynamic study, the accuracy of the measurement of maximal bladder volume, residual volume, and emptying efficiency relies heavily on the cooperation of the child to sustain a full bladder. The procedure is also more invasive. In this study, the measurement of ureteric jet pattern and bladder wall thickness is much easier to obtain, irrespective of bladder volume, and does not require catheterization. In our center, ultrasound technologists/ sonographers could acquire a reasonably accurate technique of performing the evaluation after a training period of around 1 mo. Therefore, the technique may feasibly be implemented in a busy clinical practice.
CONCLUSION
In conclusion, we have introduced a noninvasive technique for assessment of the monophasic ureteric jet pattern and the bladder wall thickness, which are potentially useful parameters to identify a subgroup of enuretic children who have immaturity of the VUJ function and bladder overactivity. This technique might also provide a more ready-to-assess tool to study the effect of pharmacological agents on both VUJ and detrusor function in enuresis children. The clinical application of this technique on treatment monitoring in enuretic children warrants further investigation.
